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Abstract. At the fundamental level, our understand-
ing of water hydrogen-bond dynamics has been largely
built on the detailed analysis of classical molecular sim-
ulations. The latter served to develop a plethora of hy-
drogen bond definitions based on different properties, in-
cluding geometrical distances [1–3], topology [4–6] and
energetics [7, 8]. Notwithstanding, no real consensus
emerged from these approaches, making the development
of a consistent and reliable definition elusive [9]. In this
contribution, a framework to study hydrogen bonds in
liquid water based purely on kinetics is presented. This
approach makes use of the analysis of commitment prob-
abilities without relying on arbitrarily chosen order pa-
rameters and cutoffs. Our results provide evidence for
a self-consistent description, resulting in a clear multi-
exponential behavior of the kinetics.
The last decade represented a real golden age for the
characterization of states in complex molecular systems.
With the emergence of kinetics-based models, it is now
possible to characterize with unprecedented detail the
free-energy landscape of a molecule without the use of
pre-chosen order parameters. To do so, projection-free
approaches make use of the kinetics to define states and
transition saddles. This is possible by working on a dis-
crete representation of the accessible space in terms of
microstates and the transitions among them. Within this
framework, two molecular configurations are considered
to belong to the same free-energy basin (i.e., same state)
if they interconvert rapidly into each other. Such infor-
mation can be inferred by various techniques based on
transition networks, including complex network analysis
[10–12], Markov state models [13, 14] or local fluctuations
analysis [15, 16]. However, the development of a reliable
microstate definition for the characterization of hydro-
gen bonds is hard [17, 18], limiting the use of transition
networks for this problem.
Conceptually speaking, networks-based methods make
implicit use of commitment probabilities [19] for the char-
acterization of the dynamics. While this technique alone
cannot cope with multi state problems, it represents a
viable approach for two state systems. In this contribu-
tion, we present a framework making use of commitment
probabilities for the characterization of hydrogen bonds.
Our analysis is based on a molecular dynamics simula-
tion of 1024 TIP4P-Ew water molecules [20] at 300K and
ambient pressure with a saving frequency of 4 fs. The ap-
proach works as follows. First, choose a water molecule
to analyze. This molecule is called the target. Second,
for every other water molecule calculate the time series
of the ranking number with respect to the target. The
ranking number coordinate is equal to 1 when a molecule
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FIG. 1: Hydrogen bond time series. (Top) Time series of
the ranking number of a water molecule with respect to an-
other (the target). Bound, unbound and transition regions
according to commitment probabilities are shown in red, blue
and orange, respectively. The sink and source-thresholds are
shown as dashed lines. (Bottom) Gray filled boxes represent
hydrogen bond detection according to the following defini-
tion: rOH [1], rOO-angle [2], Skinner’s [3], donor-acceptor [4],
donor-angle [5] and topological [6].
has the shortest inter-oxygen distance with respect to the
target, 2 if it is the second closest and so on (see top of
Fig. 1 for an example time series). Third, calculate the
commitment probability PC . Two molecules will be con-
sidered to be bound, unbound or close to the transition
state according to the value of PC .
For the case of a perfect order parameter, the position
of the barrier is defined by a specific value of the coordi-
nate. This is not the case for the ranking number where
values around 4 or 5 cannot be always unambiguously
assigned to the bound or the unbound states. Hence, to
perform a commitment probability analysis a sink and
source thresholds need to be set [19]. They respectively
represent the border of the bound and unbound states
once the barrier region has passed. Note that no assump-
tion on the exact position of the barrier is made. For the
sink, a ranking number of 1 or 2 can be chosen, while
for the source the decision is not straightforward. The
source-threshold represents a situation where a molecule
is stably unbound with no fast re-crossings to the bound
state (i.e. quickly re-binding molecules that didn’t relax
to the unbound state). For example, a ranking around
5 will not work, since several fluctuations to this rank
exist from both the bound and unbound states. On the
other hand, choosing a rank which is too high will be
too conservative, potentially missing a considerable part
of the unbound state. To avoid an arbitrary decision,
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FIG. 2: Hydrogen bond lifetime distributions. Results ob-
tained from commitment probabilities and Skinner’s hydro-
gen bond definition are shown in black and gray, respec-
tively. Individual fitting functions and the total fit are
shown as red dashed and red solid lines. The fit function
is: a exp [−(x/τa)γ ] + b exp (−x/τb) + c exp (−x/τc), where a,
b and c are 2.7 · 103, 3.6 · 102 and 1.15 · 102 respectively; τa,
τb and τc are equal to 0.06, 0.4 and 3.45 ps; and γ = 2.98.
the flux (i.e. the total number of transitions) from the
bound to the unbound states was calculated for different
values of the source-thresholds. For small values of the
source-threshold the flux tends to be high due to the large
number of re-crossings. As the value of the threshold in-
creases, the flux monotonically decreases with a kink at
around ranking number eight (not shown). The kink in-
dicates that for that number the flux is not affected by
re-crossings anymore. For larger values of the ranking,
the flux still slightly decreases because the volume of the
unbound region is progressively reduced. Given this rea-
soning, an arbitrary decision was avoided taking as sink
and source thresholds ranking numbers 2 and 8, respec-
tively (horizontal dashed bars in Fig. 1, top).
The commitment probability PC is then calculated
along the ranking number time series. For any given
time, PC = 1 if the sink is the first threshold found when
the history is tracked both towards the past (backward)
and the future (forward) (red in Fig. 1, top); if in both
cases the source-threshold is met first, then the molecule
is unbound (PC = 0, blue); otherwise, the molecule be-
longs to a transition region going from source to sink or
vice-versa (PC = 0.5, orange). Using this approach the
relation between two water molecules is solely based on
kinetics, taken as only assumption that two mutually in-
teracting molecules will also be close in space (this is the
reason to use a distance-based coordinate). No assump-
tions on the energetics, geometry or topology are done.
Moreover, an arbitrary decision on the exact position of
the barrier is avoided: a problem that has always affected
cutoff-based definitions [9].
In the example time series of Fig. 1, the ranking num-
ber stays always very high when two molecules do not
interact (t < 1.5 and t > 11.5). On the other hand, when
the interaction is formed the ranking number rarely ex-
ceeds the value of 4 or 5. Human eye can easily recog-
nize the bound region without being distracted by the
sporadic fluctuations. This is not the case for classical
hydrogen bond definitions where fast fluctuations can
momentarily disrupt the interaction being followed by
a quick re-binding (re-crossings). Predictions from six
among the most commonly used classical hydrogen bond
definitions are shown at the bottom of Fig. 1. Some ob-
servations can be done: first, as already investigated by
us in a recent contribution [9], despite qualitative agree-
ment no clear consensus emerges among the definitions.
Second, several re-crossings are observed (intermitting
short white spaces). This is not the case for the regions
with PC = 1 (in red) where contiguous intervals, with no
evidence of re-crossings, are found. In particular, the two
bound events are separated by a hydrogen bond switch
(same water pair interacting with a different donated hy-
drogen), while the other large fluctuation at around 4.5
ps, although similar in amplitude, represents only a par-
tial stretch of the same hydrogen bond (confirmed by
visual inspection of the molecular trajectory).
The high quality of the characterization of the kinetics
is demonstrated by the shape of the lifetime distribution
(black line in Fig. 2). The curve can be well fit by a
sum of exponentials (showed in red). This is not the case
for more conventional hydrogen bond definitions as it is
well known in the literature [9, 21, 22]. Typical behavior
presents both an oscillating section at fast times and a
non-exponential decay at large times (see gray line for an
example). The exponential behavior obtained with the
commitment probability provides further points of dis-
cussion. First, no oscillating behavior is observed at fast
time scales. Moreover, the number of events in this re-
gion is smaller by one order of magnitude with respect
to the conventional distribution, indicating a dramatic
reduction of re-crossings. Second, an increased number
of events at large times reveals the existence of longer-
lived hydrogen bonds lasting more than 10 ps: a some-
what unexpected result for liquid water at ambient con-
ditions. Third, the entire curve can be fitted simultane-
ously by a combination of a compressed exponential and
two exponential functions. Contrary to the previously
observed non-exponential behavior, the appearance of a
double exponential provides a more rational way to in-
terpret the data in terms of two independent processes
(that can be qualitatively interpreted as distorted and
perfectly aligned hydrogen bonds, respectively). Finally,
the compressed exponential behavior at fast time scales is
due to repulsions when two molecules face their negative
charges one in front of the other. This occurs because the
use of the ranking time series does not restrict ourselves
to hydrogen bonds but to all type of inter molecular in-
teractions, including repulsions.
Notwithstanding this approach cannot be used
straightforwardly as more conventional hydrogen bond
definitions, our results provide a solid starting point for
the development of more accurate, kinetics-based, char-
acterization of hydrogen bonds.
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